Trivalent americium has a non-magnetic (J = 0) ground state arising from the cancelation of the orbital and spin moments. However, magnetism can be induced by a large molecular field if Am 3+ is embedded in a ferromagnetic matrix. Using the technique of x-ray magnetic circular dichroism, we show that this is the case in AmFe2. Since Jz = 0, the spin component is exactly twice as large as the orbital one, the total Am moment is opposite to that of Fe, and the magnetic dipole operator Tz can be determined directly; we discuss the progression of the latter across the actinide series.
Trivalent americium has a non-magnetic (J = 0) ground state arising from the cancelation of the orbital and spin moments. However, magnetism can be induced by a large molecular field if Am 3+ is embedded in a ferromagnetic matrix. Using the technique of x-ray magnetic circular dichroism, we show that this is the case in AmFe2. Since Jz = 0, the spin component is exactly twice as large as the orbital one, the total Am moment is opposite to that of Fe, and the magnetic dipole operator Tz can be determined directly; we discuss the progression of the latter across the actinide series. Ordered magnetism is a result of spin-polarization of electrons, but there are two elements in the periodic table in which the intrinsic magnetic moment is zero despite the electrons being spin-polarized: europium and americium. For the free Eu 3+ and Am 3+ ions the f -electron count n f is six, the spin and orbital moments have the same magnitude and opposite direction, and the resulting J = 0 ground state is non-magnetic. Nevertheless, since a large spin polarization is present, the application of a magnetic field can induce a moment by J-mixing with excited states. A textbook example of this phenomenon is the temperature-independent paramagnetism observed in several Eu 3+ compounds [1] . Europium, however, has a tendency towards the magnetic f 7 (divalent) configuration [2] and loses its magnetism only under high pressure [3] . Americium, in contrast, exhibits a stable trivalent oxidation state and, like most of its compounds, shows temperature independent susceptibility and no ordered magnetism [4] .
One can expect that long-range order of the moments induced in the virtually nonmagnetic sublattice [5] will be evident when these ions are embedded in a strong ferromagnetic matrix, because of the large molecular field created by the exchange interaction [6] . This will be the case, for instance, in the cubic Laves phase AmFe 2 , a compound where the f -d exchange interaction is anticipated to be very large [7] and ferromagnetic order is observed already at room temperature [8] . We have therefore used x-ray magnetic circular dichroism (XMCD), which is an element-and shell-specific technique, to study the size and nature of the spin and orbital moments induced by the exchange field on Am 3+ in AmFe 2 . In order to determine the spin component of the magnetic moment (µ S = −2 S z ) from XMCD measurements it is necessary to know the expectation value of the magnetic dipole operator
] (which is associated with the spin-dependent asphericity of the electronic cloud [9] ) because the sum rules only give the value of S eff ≡ S z + 3 T z [10, 11] . In some favorable cases T z can be assessed by using a complementary method to estimate the total magnetic moment of the absorbing atom, but in general it is not easily accessible nor understood [12] ; for instance, early studies on UFe 2 [13] assumed that T z = 0 (as is standard practice for itinerant 3d ferromagnets), whereas in NpOs 2 and PuFe 2 its value is consistent with the one calculated in the intermediate coupling (IC) scheme [14] . In the case of AmFe 2 , we are in the unique position of determining T z directly from the dichroic signals measured at the M 4 and M 5 Am absorption edges because J z remains zero (and therefore L z = − S z ) even in the magnetically-induced state. AmFe 2 was fabricated by arc melting stoichiometric amounts of elemental constituents on a water-cooled copper hearth, under Ar (6N) atmosphere. A Zr alloy was used as an oxygen getter. The weight losses were examined after arc melting and resulted to be less than 0.5 %. The sample was melted 5 times and crushed before the last melt, to ensure complete homogeneity of the alloy button. X-ray diffraction analysis performed at room temperature confirmed that the sample obtained was single-phase with the C-15 cubic structure (Fig. 1) , with a lattice parameter in agreement with earlier work [8] . Magnetization experiments with a Quantum Design MPMS-7 SQUID magnetometer were carried out between 2 and 300 K and showed the sample to be ferromagnetic in the whole temperature range, again as expected. The observed magnetization curve is typical for a soft ferromagnet with vanishing coercive field. At T = 10 K, the saturation moment per formula unit is 2.8(1)µ B , as shown in Fig. 2 . Its temperature dependence in a field of 7 tesla was fitted to a J = 5/2 Brillouin function (Fig. 2,  inset ) that provides an estimate of the Curie temperature T C ∼ 700 K, in good agreement with previous estimates [8] .
The x-ray-absorption-spectroscopy (XAS) and XMCD experiments were carried out at the European Syn- 
where ∆ is a quantity dependent on the electronic configuration (∆ ∼ 0.005 for Am 3+ ) [24] . We find B = 0.88(4), which is close to the value (B = 0.93) expected for a 5f 6 configuration assuming IC [25] confirming that there are six 5f electrons with the majority (n 5/2 = 4.95) in the j = 5/2 subshell. The XMCD spectra are composed of a small down-up feature at the M 5 edge and a large (negative) peak at M 4 . This is the typical spectral shape characteristic of a dominating orbital moment with an oppositely oriented spin, as observed for lighter actinide (An) compounds [26, 27] and in particular for the Np- 237 Np is a decay product of 241 Am and the gamma spectra from the sample showed this to be present at the ∼1% level (Np in NpFe2 is strongly magnetic -see [14] ).
and Pu-based AnFe 2 Laves phases [14] (see Fig. 4) . A completely different shape is expected for the n f = 7 configuration, for which the small orbital moment implies a positive dichroic signal at the M 4 edge, opposite in sign to a M 5 peak of almost equal intensity, as seen for Eu
2+
[2] and Cm 3+ [28] . The orbital contributions to the magnetic moment carried by the Am atoms can be determined by the sum rule [10] The narrow linewidth of the M4 XMCD signal for Am in AmFe2 (about 50% of that found for the actinides in NpFe2 and PuFe2) is consistent with the assumption of localized 5f states, and found also in PuSb [29] .
where ∆I M5 + ∆I M4 is the total dichroic signal at the Am M 4,5 edges. Applying this sum rule, we obtain the orbital moment on Am as µ L = − L z = +0.44(5)µ B (the positive sign indicates that the orientation is parallel to the moment of the Fe sublattice, as found in all other An Laves phases [14] ). A second sum rule correlates the measured dichroic signal and the spin polarization S z , stating that [11]
3) The experimental data for AmFe 2 provide S eff = −0.135(15).
The key point to understand our experimental data is that the ground state of the Am 3+ ion maintains its J z = 0 character even though J 2 becomes different from zero. This is because in the present case J-mixing is almost entirely due to f -d exchange (which does not commute with J 2 but does commute with J z ), whereas the role of the crystal field is negligible. To prove this statement, we summarize below the spectroscopic properties of Am 3+ ions in AmFe 2 . The singleion Hamiltonian which describes its 5f electronic states can be written as H = H FI + H CF + H Z + H ex , where the four main contributions are the free-ion Hamiltonian ) 4 )], the Zeeman term H Z = −µ B H · (L + 2S), and the f -d exchange interaction, represented by an internal field H int which is generated by the ordered Fe sublattice and acts only on the Am spin (H ex = −2µ B H int · S). All the operators and symbols used are defined in [30] . Following Hund's rules, the 7 F spectroscopic term minimizes the Coulomb repulsion energy, and the spin-orbit interaction selects the J = 0 singlet as the free-ion ground state, with the first excited manifold having J = 1 and lying between ∼ 220 and 340 meV [31, 32] . The cubic crystal field potential has no effect on these two multiplets, as it splits only those with J ≥ 2. Moreover, the non-axial part of H CF can only mix the J z = 0 ground state with J z = ±4 components of excited multiplets; as the lowest J = 4 manifold has an energy of about 1.2 eV, we can safely neglect this contribution. The quantization axis z is therefore selected by the direction of the internal field and J z 0, provided that H int H. This is a reasonable assumption since H int 180 T was estimated by rescaling the value proposed for the isostructural lanthanide (Ln) series LnFe 2 [33] to account for the different expectation value of r 2 between the radial 5f and 4f wavefunctions. The only other relevant parameters present in H are the Slater integrals F 2k (that we fixed to the values given for IC in [12] ) and the spin-orbit parameter ζ 5f (that we adjusted to 285 meV in order to reproduce the experimental value of the branching ratio B). A full diagonalization of H provides the expectation value L z = −0.47 for the ground state, in excellent agreement with the experimental determination.
The fact that J z = 0, a result that as shown above is independent from the computational details, allows us to determine S z = − L z directly from the first sum rule (Eq. 2). We obtain µ S = −2 S z = −0.88(10) µ B , and therefore µ Am = µ L +µ S = −0.44(11) µ B in remarkable agreement with neutron diffraction experiments [8] . From the bulk saturation moment (see Fig. 2 ) we obtain for the Fe sites a moment µ Fe = 1.6(1) µ B , within experimental errors equal to the one observed for analog LnFe 2 series but almost three times larger than in UFe 2 [34] , which is a well known itinerant system with strong f -d hybridization.
Determining the above values required no assumptions on T z , which can then be obtained independently knowing the value of S z and the experimental value of the ratio L z / S eff derived from the sum rules ( Eqs. 2-3 ). This gives 3 T z = −0.57(5) and a ratio The values for the r ratio for different An compounds (UGe 2 [35] [36] [37] , US [38] , USe, UTe [39] [14] and PuSb [29] ) have been derived from data reported in the literature and are shown in Fig. 5 , where they are compared with theoretical values calculated in IC, as well as in the two limit coupling schemes LS and jj. The value we obtained for AmFe 2 is very close to the IC curve and follows the experimental trend observed for the other Laves phases. We stress that all the symbols presented in Fig. 5 refer to cases where a purely experimental determination of r could be performed by combining the values of L z and S eff deduced from XMCD spectra and the total magnetic moment on the An site measured independently by neutron diffraction or Mössbauer spectroscopy, without any input from electronic structure calculations.
To complement the single-site model treatment of the Am magnetism, we have performed density functional theory (DFT) calculations of AmFe 2 using the DFT+U method. The results are summarized in the Supplementary Material [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] . An improved treatment of AmFe 2 , whose electronic structure involves an interplay of strong correlation effects with exchange fields from the ordered Fe sublattice, and strong spin-orbit interaction of Am, could require a computational scheme going beyond the present static DFT+U approach.
In conclusion, by an XMCD experiment on AmFe 2 we have directly observed the ordered magnetic moment induced on the formally J = 0 ground state of Am 3+ by the exchange interaction with the ferromagnetically ordered iron sublattice; despite the absence of an intrinsic magnetic moment in the free ion, the fact that a large spin polarization is present results in a significant exchange interaction. Our result not only confirms the previous indication on the total Am moment from neutron diffraction experiments, but by probing the orbital and the effective spin moment separately, it allows us to attribute the resultant induced moment (antiparallel to the Fe one) to significantly localized 5f electrons, a situation very different to the isostructural UFe 2 .
The intrinsic relation S z = − L z resulting from the uniaxial symmetry of the Hamiltonian offered us a unique opportunity to determine directly from the XMCD spectra the expectation value of the magnetic dipole operator T z , an elusive quantity which is experimentally accessible only in a limited number of cases and normally requires a combination of several techniques. By comparing the value of 3 T z / S z for n f = 6 to that of other 5f compounds with n f ≤ 5 we infer that this quantity is well described within a single-ion, intermediate coupling theory for all light actinides, in a way which is largely independent of their electronic (de)localization. This finding resolves a long-standing issue of what to use for T z in interpreting XMCD experiments at the actinide M 4,5 (or N 4,5 ) edges. These studies address the orbital and spin moments that have been of interest since at least the 1980s [55] , and are still complicated today to determine theoretically [56] . Single-crystal samples, as usually needed for neutron experiments, are not required, and microgram scales are sufficient. This opens the way to future experiments to determine µ L and µ S in actinide systems from XMCD data only.
We thank D. Bouëxière, G. Pagliosa, and P. Amador Celdran, for their technical support in the preparation and encapsulation of the sample, and P. Colomp of the ESRF radioprotection services for his cooperation.
